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INTRODUCTION

Industrial elastomers degrade more rapidly on continued exposure to sunlight and elevated temperatures in the
presence of oxygen. As a consequence of this oxidative degradation, progressive deterioration of physical and
mechanical properties are realized.

Styrene-butadiene rubber (SBR) is presently the major component elastomer used to make track pads for the
Army’s M-1 Abram’s tank. Replacement costs for these track pads currently run the Army over $150 M a year.
Development of high performance elastomers which can handle the operational requirements for track pads is a difficult
problem. One approach is to improve the materials currently in use. The first step is to evaluate various failure modes
and degradation processes occurring in the elastomers.

Elastomers with an unsaturated backbone are known to be more susceptible toward oxidative degradation. In fact,
oxidative degradation is the primary method for deterioration of polymers under normal use. In this report, the thermo-
oxidation of an unfilled SBR is studied. Fourier transform infrared spectroscopy (FT-IR) is used to determine the
mechanism of oxidation of SBR, while differential scanning calorimetry (DSC) is used to determine the thermodynamic
parameters and kinetics of oxidation.

BACKGROUND

The free radical mechanism of oxidation of elastomers proceeds through a chain reaction according to a well-estab-
lished sequence of reactions.*” The scheme is as follows:

initiation: RH R
propagation: R + 02 ROy

ROz + RH ROOH + R
termination: ROz nonradical products

where RH represents a hydrocarbon, R' an alkyl radical, and RO2’ a peroxy radical.

This relatively simple sequence of reactions can be complicated when oxidizable impurities are present. Also,
there is a possibility that secondary processes can occur, where peroxides and free radicals undergo chain scission reac-
tions. Itis, therefore, assumed that the degree of deterioration of physical properties is generally proportional to the de-
gree of oxidation.

DATA ANALYSIS

The oxidation reaction of the SBR exhibits an exothermic maximum in the DSC thermogram. The reaction
enthalpy can then be determined by calculating the area under the curve. From these curves, the thermodynamic
parameters and kinetics can be determined.
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GUSKENS, G. ed. Degradation and Stabilization of Polymers. Applied Science, 1975, p. 1.

SWERN, D., URI, N., MESROBIAN, R.B,, and TOBOLSKY, A.V. Auto-oxidation and Antioxidants Volume 17T, Interscience
Publishers of John Wiley and Sons, New York, 1961, p. 97.
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The Borchardt-Daniels” method was used to determine the energy of activation. The reaction is assumed to be
first order in SBR and can be expressed as follows:

k = AcES/RT

where k is the scanning rate constant, A is a pre-exponential factor, Ea is the energy of activation for the oxidation reac-
tion, T is the temperature maxima, and R is the gencral constant in the gaseous state.

This equation can be reduced to a more usable form to yield:

k=-Eal+nA
RT

logk = Eq231 + log A.
RT

This equation produces a linear graph with the slope equal to Ea(2.3)/R, from which the energy of activation can be
calculated.

EXPERIMENTAL

SBR-1502 was used as the base rubber. This was obtained from the Goodyear Tire and Rubber Company. No fur-
ther purification was done. The rubber was dissolved in toluene and cast as a thin fiim onto a KBr salt plate. The
toluene was then evaporated by streaming dry nitrogen over the salt plate. The KBr plate was then incubated at
spegiﬁed time intervals in a thermostatted oven with an atmospheric air purge. The temperature used for this study was
120°C.

The infrared spectra were obtained on a Perkin-Elmer Model 1550 Fourier transform infrared spectrometer
equipped with a Model 7500 PE computer. The spectra were transferred to a floppy disk for data reduction at a later
time. The spectra were taken at 4 cm’! resolution for 16 co-added scans.

DSC measurements were taken on a DuPont Model 910 differential scanning calorimeter cell with a DuPont
Model 1090 controller. The sample was weighed and placed in an aluminum pan. A purge of dry air or dry nitrogen was
used depending on the environment desired. The DSC curves were produced by heating the sample from room tempera-
ture to 400°C at a heating rate of 2,5,10, and 20 degrees per minute.

RESULTS AND DISCUSSION
Fourier Transform Infrared Spectroscopy

Figure 1 shows the infrared spectrum of the SBR at time zero and three spectra at various stages of thermo-oxida-
tion. The initial spectrum shows no indications of premature oxidation although a band at 1700 em’! is visible. This is
presumed to be an absorption due to carboxylated end groups. During the polymerization process, the end groups are
capped with carbonyl groups to obtain the desired molecular weight.

Theltop three spectra begin to show various stages of oxidation. Strong absorptions appear at 3450 em’,
1720 cm™, and in the 1000-1200 cm? range. These bands are increasing with reaction time and are due to oxidation
products being formed.

7. BORCHARDT, HJ., and DANIELS, H ication of Di mnnalTh al Analysis to the Stu Reaction Kineti
Journal of the American Chemical o‘c’:llcty, %7 e al ¢ Study of Reaction Kineics.
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Figure 1. Styrene-butadiene rubber oxida-

tion: progressive stages of oxidation are
seen. Bottom spectrum, time zero
spectrum, followed by spectra at 50
minutes, 60 minutes and 90 minutes,
respectively.

Figure 2 shows two subtraction spectra of successive IR oxidation spectra. The bottom spectrum is that of 60
minutes minus 50 minutes. The top spectrum is 90 minutes minus 60 minutes. These subtraction spectra show IR band
changes not seen in Figure 1. Negative bands can be observed at 3007 cm™ and 3065 cm . Also, negative bands appear
at 910 cm ! and 964 cm . These bands are related in that they are due to the cis C-H on the double bond. The
3007 cm’! and 3065 cm’ have been assigned to the symmetric and asymmetric stretch of the =C-H. Similarly, the 910
cm™ bands are due to the vinyl C=C-H, and cis C=C-H wags, respectively. This is the first step in the oxidative
process, the abstraction of the q-methylenic hydrogen. This then becomes the site of the alkyl radical.

New absorbing specles become apparent at this stage. IR bands at 1050 cm™ due to C-O, at 1720 cm™ due to

C=0, and at 3450 cm™? due to O-H appear. All show the incorporation of oxygen into the elastomer. The broadness ot

these bands demonstrate the fact that many different types of absorbing species are present. The appearance of the
1050 cm™! band is attributed to C-O absorptnon and most likely due to the original formation of peroxy radical groups,

ROz. The subsequent formation of ROOH is demonstrated by the appearance of the O-H species at 3450 cm

the C=0 group at 1720 em’l.

Figure 3 shows the major spectral changes with time. The bands at 3007 cm™, 3065 cm™ and 964 cm™ all behave in
the same manner. This is clear in that they have the same shape on the graph These are all due to the dlsappcarance of
the cis =C-H on the double bonded carbon. Similarly, the bands at 1720 cm?, 3450 cm™ and 1050 cm™ appear to be re-
lated. These ::7e all due to various functional groups associated with i mcorporanon of oxygen into the elastomer. The ap-

, and by

pearance of thes. *ands is consistent with the auto-oxidation sequence found in the Background section of this report.

It is reasonable to suggest that the a-methylenic hydrogen is the hydrogen that gets abstracted. Energetically, it is

the one that is most favorable. This forms the alkyl radical depicted in the auto-oxidative sequence. It becomes possible
N for this radical to then form a resonance structure with the adjacent double bond before attack by atmospheric Oz It is

believed that the resonance structure can be expressed as follows:

C=CC ——C=C.C ——CC=C.

This is the reason the IR spectra show a decrease in the 3007 cm’! and 3065 cm™ bands, those assigned to the
methylenic hydrogens.
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Figure 2. Difference spectra from successive oxidation spectra, Bottom, 60
minutes minus 50 minutes; Top, 90 minutes minus 60 minutes.
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Figure 3. IR band changes with time in the oxidation of SBR at 120°C.

After the major spectral changes have manifested themselves, several small shoulders begin to appear at 1700 cm™
and 1727 cm™ Thm have bgen ampned to saturated and unsaturated aldchydes, respectively. Also, the appearance of
shoulders at 1‘776 cm™ and 1177 cm™¥ are due to lactone structures caused by reorganization of the polymer backbone
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and pendant side chain oxidation products. It should be pointed out that only the polybutadiene portion of the elas-
tomer undergoes thermo-oxidation. The absence of an IR band at 3550 cm’, where ArO-H stretch would appear,
demonstrates the fact that the polystyrene portion of the copolymer does not undergo thermo-oxidation.

Table 1 summarizes the IR band changes for the oxidation process.

Table 1. INFRARED BAND ASSIGNMENTS

Band Assignment Change
910 Terminal C=C -
960 cisC=C -

1050 c0 +

1140 c-O +

1177 C-0, Possible Lactone Groups +

1700 Unsaturated Aldehyde +

1720 C=0, Ketonic +

1727 Saturated Aldehyde +

1776 C=0, Lactone Groups +

3007 cis C-H -

3068 cis C-H -

3450 O-H +

Differential Scanning Calorimetry

Figure 4 shows the DSC thermogram for SBR with a nitrogen purge. No exothermic or endothermic transition can
be detected. However, if one measures the thermogram with an air purge, a clear exothermic transition can be observed
between 210°C and 245°C. Figures S through 8 demonstrate the effect of scanning rate on enthalpy and transition
temperature maximum. As one increases the scanning rate, Tmax increases while AH decreases. One can then employ
the Borchardt-Daniels’ method of determining the energy of activation. Figure 9 shows a plot of log rate versus /T
which is linear. The slope of this line gives an activation encrgy of 35.0 kcal/mole. This value is somewhat larger than
values previously reportcd.8 It is, however, suspected that since such a small sample size is used for the DSC measure-
ment (10-20 rog) that the thermo-oxidation reaction is more complete. The limitations of O diffusion throughout the
sample is not a factor as it would be in a bulk sample.

8 -
at
0 b
£
- 4
é Figure 4. DSC thermogram of
™ SBR with nitrogen purge.
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8. PONCE-VELEZ, M.A,, and CAMPOS-LOPEZ, E. The Thermal Oxidation of Guayule and Hevea Rubbers b
Dynamic Differential Scanning Calorimetry. Journal of the Applied Polymer Science, v. 22, 1978, p. 2{85.
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Figure 5. DSC thermogram of SBR oxidation with a scanning rate of 2°C/minute.
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Figure 6. DSC thermogram of SBR oxidation with a scanning rate of 5°C/minute.
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Figure 7. DSC thermogram of SBR oxidation with a scanning rate of 10°C/minute.
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Figure 8. DSC thermogram of SBR oxidation with & scanning rate of 20°C/minute.
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Figure 9. Borshardt and Danisls plot of iog rate versus 1/T.

CONCLUSIONS ]

The thermo-oxidation of styrene-butadiene rubber was studied by FT-IR and DSC. The FT-IR results sug-
gest that the thermo-oxidation degradation is related to the auto-oxidative degradation process postulated by
Cuneen®. The DSC results yield enthalpy values in the range 90 to 180 J/g depending on scanning rate with an
energy of activation of 35.0 kcal/mole.

It was also found that the degradation is localized only to the polybutadiene portion of the copolymer. No
oxidatior. of the polystyrene was observed. )




J P T — S T

>y

DISTRIBUTION LIST

No. of
Copies Te
1 0Office of the Under Secretary of Defense for Research and Engineering,

——

—_—

~No—

——

The Pentagon, Washington, DC 20301

Commander, U.S. Army Laboratory Command, 2800 Powder Mill Road, Adelphi,
MD 20783-1145
ATTN: AMSLC-IM-TL

Commander, Defense Technical Information Center, Cameron Station, Building 5,
5010 Duke Street, Alexandria, VA 22304-6145
ATTN: DTIC-FDAC

Metals and Ceramics Information Center, Battelle Columbus Laboratories,
505 King Avenue, Columbus, OH 43201

Commander, Army Research Office, P.0. Box 12211, Research Triangle Park,
NC 27709-2211
ATTN: Information Processing Office

Commander, U.S. Army Materiel Command, 5001 Eisenhower Avenue,
Alexandria, VA 22333
ATTN: AMCLD

Cormander, U.S. Army Materiel Systems Analysis Activity,
Aberdeen Proving Ground, MD 21005
ATTN: AMXSY-MP, H. Cohen

Commander, U.S. Army Electronics Research and Development Command,
Fort Monmouth, NJ 07703
ATTN: AMDSD-L

AMDSD-E

Commander, U.S. Army Missile Command, Redstone Scientific Information Center,
Redstone Arsenal, AL 35898-5241
ATTN: AMSMI-RKP, J. Wright, Bldg. 7574

AMSMI-RD-CS-R/ILL Open Lit

AMSMI-RLM

Commander, U.S. Army Armament, Munitions and Chemical Command, Dover, NJ 07801
ATTN: Technical Library
AMDAR-LCA, Mr. Harry E. Pebly, Jr., PLASTEC, Director

Commander, U.S. Army Natick Research, Development, and Engineering Center,
Natick, MA 01760
ATTN: Technical Library

Commander, U.S. Army Satellite Communications Agency, Fort Monmouth, NJ 07703
ATTN: Technical Document Center

Commander, U.S. Army Tank-Automotive Command, Warren, MI 4397-5000
ATTN: AMSTA-ZSK
AMSTA-TSL, Technical Library

Commander, White Sands Missile Range, NM 88002
ATTN: STEWS-WS-VT

President, Airborne, Electronics and Special Warfare Board, Fort Bragg,
NC 28307
ATTN: Library

Director, U.S. Army Ballistic Research Laboratory, Aberdeen Proving Ground,
MD 21005
ATTN: SLCBR-TSB-S (STINFO)

Commander, Dugway Proving Ground, Ougway, UT 84022
ATTN: Technical Library, Technical Information Division

Commander, Harry Diamond Laboratories, 2800 Powder Mill Road, Adelphi, MD 20783
ATTN: Technical Information Office

Director, Benet Weapons Laboratory, LCWSL, USA AMCCOM, Watervliet, NY 12189
ATTN: AMSMC-LCB-TL

AMSMC-LCB-R

AMSMC-LCB-RM

AMSMC-LCB-RP

Commander, U.S. Army Foreign Science and Technology Center, 220 7th Street, N.E.,
Charlottesvilie, VA 22901
ATTN: Military Tech

LR R TR e




'|IlIIlIIIIIIIIIlllIlllllllIlllllllllllllI--E______________________‘7 it i o

No. of
Copies To

Commander, U.S. Army Aeromedical Research Unit, P.0. Box 577, Fort Rucker,
4 AL 36360
1 ATTIN: Technical Library

Director, Eustis Directorate, U.S. Army Air Mobility Research and Development
Laboratory, Fort Eustis, VA 23604-5577
1 ATTN: SAVDL-E-MOS (AVSCOM)

U.S. Army Aviation Training Library, Fort Rucker, AL 36360
1 ATTN: Building 5906-5907

Commander, U.S. Army Agency for Aviation Safety, Fort Rucker, AL 36362
1 ATTN: Technical Library

Commander, USACDC Air Defense Agency, Fort Bliss, TX 79916
3 1 ATIN: Technical Library

Commander, U.S. Army Engineer School, Fort Belvoir, VA 22060
1 ATIN: Library '

—~—y

Commander, U.S. Army Engineer Waterways Experiment Station, P. 0. Box 631,
Vicksburg, MS 39180
1 ATTN: Research Center Library

Commandant, U.S. Army Quartermaster School, Fort Lee, VA 23801
} 1 ATTN: Quartermaster School Library

f Naval Research Laboratory, Washington, DC 20375
1 ATTN: Code 5830
2 Dr. G. R. Yoder - Code 6384

Chief of Naval Research, Arlington, VA 22217
1 ATTN: Code 471

1 Edward J. Morrissey, AFWAL/MLTE, Wright-Patterson Air Force, Base, OH 45433

Commander, U.S. Air Force Wright Aeronautical Laboratories,
Wright-Patterson Air Force Base, OH 45433
ATTN: AFWAL/MLC

AFWAL/MLLP, M. Forney, Jr.

AFWAL/MLBC, Mr. Stanley Schulman

—

National Aeronautics and Space Administration, Marshall Space Flight Center,
Huntsville, AL 35812

1 ATTN: R. J. Schwinghammer, EHOl, Dir, M&P Lab

1 Mr. W. A, Wilson, EH41, Bldg. 4612

U.S. Department of Commerce, National Bureau of Standards, Gaithersburg,
MD 20899
1 ATTN: Stephen M. Hsu, Chief, Ceramics Division, Institute for Materials
Science and Engineering

1 Committee on Marine Structures, Marine Board, National Research Council,
2101 Constitution Ave., N.W., Washington, OC 20418

1 Librarian, Materials Sciences Corporation, Guynedd Plaza 11, Bethlehem Pike,
Spring House, PA 19477

1 The Charles Stark Draper Laboratory, 68 Albany Street, Cambridge, MA 02139

Wyman-Gordon Company, Worcester, MA 01601
1 ATTN: Technical Library

Lockheed-Georgia Company, 86 South Cobb Drive, Marietta, GA 30063
1 ATTN: Materials and Processes Engineering Dept. 71-11, Zone 54 ]

General Dynamics, Convair Aerospace Division, P.0. Box 748, Fort Worth, TX 76101
1 ATTN: Mfg. Engineering Technical Library

1 Mechanical Properties Data Center, Belfour Stulen Inc., 13917 W. Bay Shore Drive,.
Traverse City, MI 49684

1 Mr. R. J. Zentner, EAl Corporation, 626 Towne Center Drive, Suite 205,
Joppatowne, MD 21085-4440

Director, U.S. Army Materials Technology Laboratory, Watertown, MA 02172-0001
2 ATTN: SLCMT-TML
2 Authors




"8jow/jedy

0'SE J0 ABieus uoneAnoe uv yum B/ 081 01 06 Jo eBues eyl U| seidieyiue pepiei siinses OSQ
oyl 'peslep eq pinod uonsod eUesAlS Ul JO UOREPIXO OU ‘PezIPIX0 SeMm JewAjod-00 oy}

40 uojuod eueipeIng eyl Ajuo JeYl peujwIelep osje sem i “dels fenjul oyl i sjedipe) Axosed
PUR JOl1E JO UOIEBLLIOL SI8UM ‘S0USNDES UOHIOBSI SAIEPIXO-0INEB U MOJ|0) O} PUNO) SBM
sseo0:d 8yl '(DSQ) Anewpoed Bujuueos [BRUSISHIP pue Adoosondeds peselu) wiojsuen
101no4 AQ peulexe sem (HES) JeqqnI eUSIPRING-eUSIAIS PO|jIJUN JO UONEBPIXO-OUIIeL BY )

sisAjeur feuney]

Adoosonseds pereny) VI6VI0L 191 1) Weloid ¥/q ‘eiqel-sn||)
siowoiseg -dd 01 ‘8861 JOQWISAON 'Ot-88 U1 LW Hodey jedjuyoe]
spIOM Aoy pueyoeg ‘| euueuen
PUR Uvolg ‘N Sewsr - DSA ANV HI-1d4 Ad
SAvd ¥OVH1 XNvVL NI 3SN 438aNnd IN3Iaving
NOILNE™LSIA GILNNNN -INIHALS G3TI4INN S0 $310NLS NOILYAIXO
Q3IASSYIONN 1000-22120 SHOSNYOESSE 'UMOLISIEA
av Asoyeroqw ABojouyoe) srepereiy Auuy ‘SN
‘ojow/[edy

0S¢ jo ABieue uotieajion us Lam BT 0L 03 06 Jo eBues eiy U) seIdiBYIUS PEPISA S1yNse) OSa
Yy "POGIBP g PINOD UoHIOd SusAls $Y} JO UCHBPINO OU 'PRZIPIXO SeM JBWAI0d-00 ey}

jo uofuod suslpuIng ey AIUO TR POUILLISIED OB[E SuM ) “dels [BNIU| O S} S1BDIPRs Axosed
puR e JO UORRWLIOL 8J0UM ‘e0USNDES UONROES) SARBDIXO-0INE U# MOJ|O) O} PUNO) SBM
sseooxd ey) ‘(DSQ) Anewyoeds Buiuuess [BRUSISHIP Put Ad0dS0NSedS PeJel)U UOjSURS
Jo1ino4 Aq peujwexe sem (HES) 10QqNnI eUSIPEING-SUSIAS POJIUN JO UORBPIXO-OULIeW) Oy}

sisAeue [BUIeY )

Adoosonoeds pemsju Vi6VL01 191 1) Welosg v/Qq ‘elqer-sny
siewoiseg ~dd 01 ‘8864 J9QWIEAON ‘OF-89 H1 LN Vodey jeojuyoe)

spiom Aoy pueyoeg ‘| euusyen

pue usoIg ‘W Sewer - DSA ANV Hi-14 A8

SAvd ¥OVHL YNVL NI d3SN §388NY 3N3Iaving

NOLLNEM1SIA R LINTING -INFHALS O3 TIINN 40 SANLS NOHLYOIXO

Q3ISSYIONN 1000-ZL120 SHOSNUORESEY ‘UMOLIOTRA
av Asoperoqe ABojouyoe] sieueien Awsy ‘SN

- - - - T U - - - " Y e G R - S R = Y - = - R = - -

"SjOw/jed)

0'st $0 ABseua uoneanoe ue yim B/r 081 01 06 JO eBuUB) 8yl Uy sejdjeyius pepievi synse) DSa
9yl 'peoelep 8q pinod uoiiod sURIAIS 8U) JO UOHEPIXO OU ‘PeZIPIXO SBM JewAjod-00 ey

jo uoruod eusipeIng Yl AJUO 1Yl PRUILLISIEP OS[E SBM i 'dels [eRiU) oL 8 Speoipes Axosed
pue jAxje jo UOLELWIO) 810yM '80UeNbes UO{IOVe) SANBPIXO-0INE U MOJIO} O} PUND) SBM
$8000:d 9y] "(DSQ) Anewpoied Bujuueds [BHRUSISHIP PUR AJ0IS0NIedS POIBIU| ULICISUES
Jepnoy Aq peujurexe sem (HES) J0GqnI SUSIPRING-OURIAIS PE)jHUN JO UORBPIXO-OWISR oY |

sisAjeue jeuney )

Adoosonoeds peseyu VI6VL0L191 L1 150f0id V/Q ‘iqei-snij)
ssewolsery -dd 04 ‘9861 JequieAoN ‘OF-88 H1 TLIN Modey [eojuyoe]

spiom Aey pusyoeg | suusuey

pUB UROIS "W SewWer - SO ONV YI-1d AS

SAvd XOVHL MNVL NI 35N H388NY INOVYLING

NOILNELSIO A3 LINITNA -3N3YALS O3 TI4NN 4O S3IANLS NOILYAIXO

_QIIASSYIONN 100022120 SHESNUIUSSEIN ‘UMOLISIYM
av Asoreioqe) ABojouyoe] speueisy Ausy ‘SN

‘ofow/feoy

0'SE jo ABseue uoneARoR UB YUM B/1 0BL O 06 JO 8BUEI Oyl U| $810EIAUS PEPIeK sUNSe) DSA
eyl "pPeldelep oq pInod uoriod euesiis Syl JO UCHEPIXO OU ‘PRZIPIXO seM JewAjod-00 e

#0 vouod suBIPEING Sl AJUO 18y} PRUILINISP OS[e BEM ) "daIs [ETIU) R 8} SjRDIPR) Axosed
pue 4je JO UOIIEWIO} 810yM 'e0UeNbes LUOROE) SAREDINO-0INE UB MO0} O} PUNO) SBM
sse00sd ey) '(D5Q) Anewysofes Bujuueds feueselip pus Adoososnoeds pesmiul wuosuey
Jopno4 Aq peujwexe sem (HES) 10GaNI USIPBING-0ULIKIS PSJIUN JO LOREPXO-OUINAR 8]

sisAfeue jeussoyy

£doososoeds pesesu V16101191 1) wefoid y/Q ‘siqua-sn
siowoise3 -dd 0l ‘9861 JeQUISAON ‘088 H1 1L Bodey [eojuyoe)

spiop ey pusyoeg 1 suusyeyy

PUR UBOIS "W sewer - DS ONV Ui-14 A

Savd MOVHL JNVL NI Q3SN Y3E88NY INTIVLNE

NOILNSIYLSIO QILINNNN -3N3YALS G3TUINN 20 S3IANLS NOLYAXO

O3IISSYIONN 100022120 SHOSNUIUSSUY ‘UMOLIOIRM
av Asoresoqer ABojouyoe] seueiew Auy 'S

- - - = - - = D - . D . - - -

L e e e e et e e m— e - e e e e e e e e e e

1
|
!
|
)
[}
|
|
i
1
t
|
|
t
|
|
|
|
1
)
t
|
[}
]
|
]
)
'
|
)
]
|
1
)
|
1
]
'
]
]
)
|
1
)
t
]
|
]
1
[}
|
]
t
1
)
1
1
[}
|
]
'
]
\
1
-




